The dimeric motor protein kinesin-1 converts chemical energy from ATP hydrolysis into mechanical work used to transport cargo along microtubules 1, 2 . Cargo attached to the kinesin stalk moves processively in 8-nm increments 3 as its twin motor domains (heads) carry out an asymmetric, 'hand-over-hand' walk [4] [5] [6] [7] . The extent of individual head interactions with the microtubule during stepping, however, remains controversial 4, [8] [9] [10] [11] [12] [13] [14] . A major experimental limitation has been the lack of a means to monitor the attachment of an individual head to the microtubule during movement, necessitating indirect approaches. Here we report the development of a single-molecule assay that can directly report head binding in a walking kinesin molecule, and show that only a single head is bound to the microtubule between steps at low ATP concentrations. A bead was linked to one of the two kinesin heads by means of a short DNA tether and used to apply rapidly alternating hindering and assisting loads with an optical trap. The time-dependent difference between forwards and backwards displacements of the bead alternated between two discrete values during stepping, corresponding to those intervals when the linked head adopted a bound or an unbound state. The linked head could only rebind the microtubule once ATP had become bound to its partner head.
The dimeric motor protein kinesin-1 converts chemical energy from ATP hydrolysis into mechanical work used to transport cargo along microtubules 1, 2 . Cargo attached to the kinesin stalk moves processively in 8-nm increments 3 as its twin motor domains (heads) carry out an asymmetric, 'hand-over-hand' walk [4] [5] [6] [7] . The extent of individual head interactions with the microtubule during stepping, however, remains controversial 4, [8] [9] [10] [11] [12] [13] [14] . A major experimental limitation has been the lack of a means to monitor the attachment of an individual head to the microtubule during movement, necessitating indirect approaches. Here we report the development of a single-molecule assay that can directly report head binding in a walking kinesin molecule, and show that only a single head is bound to the microtubule between steps at low ATP concentrations. A bead was linked to one of the two kinesin heads by means of a short DNA tether and used to apply rapidly alternating hindering and assisting loads with an optical trap. The time-dependent difference between forwards and backwards displacements of the bead alternated between two discrete values during stepping, corresponding to those intervals when the linked head adopted a bound or an unbound state. The linked head could only rebind the microtubule once ATP had become bound to its partner head.
Optical-trapping assays for kinesin typically involve tracking and loading a bead attached to the carboxy terminus of the common stalk of the protein 3 in place of its natural cargo. Because beads attached to the stalk tend to report the position of the molecule as a whole, the displacements generated by the two separate heads remain unresolved. Single-molecule fluorescence techniques have successfully resolved motions of the heads by tagging these individually with fluorophores, but such approaches have suffered from limited spatiotemporal resolution and lack the ability to apply controlled loads, which can be used to probe binding between the heads and the microtubule 4, 8, 9, 14 . We overcame these limitations by linking an optically trapped bead directly to one of the two heads, rather than to the stalk (Fig. 1a) , without disabling the motor function of the molecule. One end of a double-stranded DNA oligomer (70 base pairs) was attached to an engineered cysteine residue (N62C) on the motor domain of an otherwise 'cysteine-light' dimer, and its opposite end was linked to a streptavidin-coated bead. Because this short oligomer subtends less than half a persistence length, the tether is stiff and transmits motions of the head directly to the bead. Control experiments in which the bead was attached instead to the stalk of an oligomer-linked construct showed that the motor still stepped in 8-nm increments ( Supplementary Fig. 1 ). With the bead linked to one of the two heads, but unloaded, motors travelled an average distance of 980 6 80 nm (mean 6 s.e.m.) before detaching (Supplementary Fig. 2) , displaying a processivity equivalent to that of unlabelled kinesin 15 . Notably, the unloaded speeds of bead-linked motors under these conditions averaged 581 6 9 nm s 21 (mean 6 s.e.m.), which is comparable to unloaded speeds recorded for wildtype motors (Supplementary Fig. 3 ). When head-linked beads were subjected to hindering loads under force-clamped conditions, we observed steps of 16.3 6 0.1 nm towards the (1) end of the microtubule ( Fig. 1b and Supplementary Fig. 4a ), exactly as expected for individual heads executing a hand-over-hand walk along protofilaments with an 8.2-nm tubulin-dimer spacing. The stall force was halved when loads were applied to a single head instead of the stalk (falling from ,6 pN to ,3 pN) 15 , which is consistent with the energetic efficiency of the motor being unaffected by the head linkage, because half the load is moved through twice the distance per step (Supplementary Fig. 3 ).
When head-linked beads were subjected to assisting loads, we observed that the abrupt, 16-nm stepwise advances were generally composed of an 'overshoot' motion (,23 nm forwards) followed by a 'recovery' motion (,7 nm backwards) ( Fig. 1c and Supplementary  Fig. 4b ). The durations of dwell intervals following the overshoot and recovery motions were sensitive to the ATP concentration, and both these intervals increased when the ATP concentration was reduced ( Fig. 1d and Supplementary Fig. 5 ). This property indicates that the motor must bind ATP during both overshoot and recovery intervals. We also found that the positional variance of a head-linked bead was higher during overshoots than during recoveries, suggesting that additional compliance is introduced into the linkage between the bead and the microtubule during overshoots (Supplemental Fig. 6 ). Because of their small amplitudes, a fraction of recovery motions were missed by our step-finding procedure, causing some pairs of overshoot and recovery motions to appear as a single 16-nm transition.
The motions of head-linked beads under assisting loads may be explained by the following model (Fig. 1e) , which is consistent with the established biochemical reaction cycle for kinesin. The binding of ATP to the microtubule-bound, linked head (state 1) triggers its unbound partner head to advance and rebind to the microtubule (state 2). (ATP binding and head motions represent separate steps, but are shown concomitantly for simplicity.) The linked head then releases the microtubule and moves ahead of its bound partner (state 3). In this case, the application of an assisting load not only helps to pull this head forwards, but also supplies a small torque, generated between the neck linker domain (joining the head to the stalk) and the point of attachment of the DNA. To relieve torque, the linked head rotates to adopt a backwards-facing orientation, free of the microtubule, during overshoot dwells. The neck linker region consists of a single polypeptide chain (,13 residues) and can act as a free swivel. Subsequent binding of ATP to the microtubule-bound head allows the free head to rebind to the microtubule in its proper orientation and release ADP (state 4). Finally, the rear head hydrolyzes ATP, releases P i (inorganic phosphate), and unbinds from the microtubule to regenerate the starting configuration (state 1), but with the molecule advanced by 16.4 nm (two steps). The existence of an overshoot implies that kinesin adopts a one-head-bound (1-HB) 'ATP waiting state' between successive 8-nm advancements of its stalk. Furthermore, the dependence of the overshoot dwell time on ATP suggests that the unbound head cannot be induced to rebind to the microtubule simply by coaxing it in front of its partner with the optical trap: some additional requirement must be met.
If kinesin adopts a 1-HB state between processive advances of its stalk, as implied in the preceding discussion, then it should be possible to swing the free, linked head backwards and forwards with respect to its bound partner by reversing the direction of load. To test this prediction, we modified our force-clamp apparatus to switch the sign of the constant load between hindering and assisting every 14 ms as kinesin moved in the presence of 2 mM ATP (this rate was chosen to be ,10-fold faster than the kinesin stepping rate at this ATP concentration, but ,10-fold slower than the update time of the force clamp). Separate records were collected for displacements under each sign of load, and from these we computed the running difference between records. The value of the running difference is expected to increase whenever the linked head releases the microtubule and is alternately pulled in front of and behind its bound partner. Rebinding of the linked head to the microtubule will eliminate any extra slack introduced in the linkage between the bead and microtubule as a result of head unbinding, and will restore the running difference to its lower value. Accordingly, abrupt jumps in the running-difference record signify that the linked head adopts both bound and unbound states during the kinetic cycle, consistent with a 1-HB ATP waiting state. By contrast, the absence of such jumps would indicate that the linked head spends the majority of its reaction cycle bound to the microtubule, corresponding to a two-headsbound (2-HB) ATP waiting state.
When alternating loads (61.7 pN) were applied to a moving kinesin molecule, we observed clear transitions in the difference record, averaging 23 nm in amplitude, marking the binding transitions of the linked head (Fig. 2) . (Similar transitions were observed when the magnitude of the load was reduced to its lowest practical value, 0.4 pN; Supplementary Fig. 7 ). The presence of transitions is the signature of a 1-HB state. On the basis of an analysis of dwell times in the running-difference record, we estimated that the linked head spends ,93% of its stepping cycle in an unbound state (Supplementary Discussion). Stepwise increases in the difference record coincided with overshoot motions under assisting loads, marking events where the head released the microtubule, was pulled forward and then rotated about its neck linker. These unbinding events also corresponded to tiny backwards motions under hindering loads, which probably results from a small increase in system compliance, as the linked head dissociates from the microtubule. Stepwise decreases in the difference record coincided with recovery motions under assisting loads, marking events where the head bound to the microtubule in front of its partner. These transitions corresponded to large forwards motions of the bead under hindering loads. 7 pN) . Overshoot (orange) and recovery (purple) transitions are indicated by vertical dashes. Corresponding dwell intervals are coloured in the uppermost record. For separate overshoot and recovery intervals that were unresolved, the combined dwell interval and associated transition are coloured green. d, Dependence of overshoot (orange) and recovery (purple) dwell times on ATP concentration (mean 6 s.e.m.). Uncertainties were computed by bootstrapping. Load, 1.7 pN. e, Model for kinesin motions under assisting load, cycling through two steps. Heads are labelled according to the nucleotide bound (ADP, ATP or Ø (no nucleotide)). To assess better whether the linked head remained free of the microtubule while its partner waited to bind ATP, we plotted the size of the transition under assisting load against the corresponding transition under hindering load (Fig. 3, central panel) . Bead displacements that would normally be too small to resolve independently could be included in this analysis because the larger, readily detectable transitions under the opposite loading condition served as event markers. As expected, displacements fell into one of two populations, corresponding to unbinding (quadrant II) or rebinding (quadrant IV) events. We did not observe a population in which the corresponding displacements under both assisting and hindering loads were comparable, which would have signified a 2-HB ATP waiting state: just 6% of all transitions (mostly events in quadrant I) were in this category, and probably resulted from rare occasions when the unbound lifetime of the linked head was less than the time for load reversal of the force clamp. The small backwards motion under hindering load averaged 21.7 6 0.2 nm. When added to the forward motion, 18.2 6 0.2 nm, this yields a net displacement of 16.5 6 0.3 nm, which is statistically indistinguishable from the expected advance of 16.4 nm (twice the tubulin-dimer spacing). Similarly, the sum of the overshoot (21.1 6 0.3 nm) and recovery (24.8 6 0.3 nm) displacements yielded a net advance of 16.3 6 0.4 nm. These results provide a strong consistency check on our interpretations and calibrations.
To exclude the possibility that the load applied by the optical trap might somehow pull the head free from the microtubule, we computed an estimate of the increase in head detachment rate as a consequence of load. Taking 2 nm as a (generous) estimate of the distance between the bound and transition states along the reaction coordinate for head unbinding 16 , the mechanical work available to detach a bound head would be less than 1.7 pN 3 2 nm 5 3.4 pN nm. Because this value is less than the thermal energy (k B T < 4 pN nm, where k B denotes Boltzmann's constant and T the temperature), any increase in detachment rate would be limited to a factor of two to three, and would be too small to account for our observations. This conclusion is reinforced by the persistence of transitions in the difference record when the load was reduced to 0.4 pN, which can only supply 3.2 pN nm of energy over an 8-nm step (Supplementary Fig. 7) .
Our data support a model for the reaction cycle (Fig. 4) in which kinesin binds ATP and takes its step from a 1-HB state. Because low ATP concentrations or high loads can cause the transition from this state to become rate limiting, it is the longest-lived state of the cycle (and therefore the 'waiting state') under the conditions explored here. The unbound head is mobile, and can be readily pulled about its bound partner and even rotated with an optical trap. Importantly, our data do not support models for kinesin where both heads bind to the microtubule until ATP binding triggers release of the rear head 4, 8 , which postulate a long-lived, 2-HB state at low and high ATP concentrations. Our data also fail to support models for kinesin where one head is parked against the forward face of its microtubule-bound partner in the ATP waiting state 10 . However, our data may be reconciled with a recent study 9 which concluded that one head remains poised behind its microtubule-bound partner head during the ATP waiting state, and either unbound, or transiently (weakly) bound, to the microtubule. In that study, estimates of the distance between the kinesin heads were obtained from fluorescence resonance energy transfer measurements recorded at 100 Hz and filtered using a 100-ms window, so the proposed structure probably corresponds to an average over an ensemble of positions. Our data clearly indicate that the unbound head can move readily around its equilibrium location.
The existence of a 1-HB state implies some form of mechanochemical gating to prevent the unbound head from rebinding the microtubule and releasing ADP (Fig. 4, S1 and S2). We propose that unfavourable strains developed in (competing) neck-linker conformations that correspond to off-pathway, 2-HB states constitute the mechanical coupling required for gating. According to this proposal, both heads will bind the microtubule only when the neck linker of the rear head is docked and the neck linker of the front head is undocked. The neck linkers are postulated to be too short, or too constrained, to adopt alternative conformations that might produce any alternative 2-HB state (Fig. 4 , S1-S3). Cryo-electron microscopy structures of microtubule-bound kinesin 17, 18 show that the conformation of the kinesin neck linker is tightly coupled to the state of the nucleotide bound to the head. When the head is either free of nucleotide or binds ADP, an occluding conformation of the switch-II helix prevents docking of the neck linker against the catalytic core
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. By contrast, the motor core is tilted when bound to ATP or to analogues of ADP.P i , allowing the neck linker to dock. Therefore, if both heads are to bind the microtubule simultaneously, the rear head must bind ATP (or ADP.P i ) while the front head holds ADP or no nucleotide. In support of this, recent work suggests that kinesin does not uniformly adopt a 2-HB configuration in the presence of apyrase 9 . The inability of one head to bind the microtubule offers a natural explanation for the observation 7, [20] [21] [22] that the microtubule-stimulated release of ADP is inhibited until the microtubule-attached head binds ATP and docks its neck linker (Fig. 4, state 2) . Strain produced by an unfavourable neck-linker conformation also explains the observation [23] [24] [25] that ATP does not bind prematurely to the front, nucleotide-free head of a 2-HB kinesin molecule (Fig. 4, state 3) . Any tight binding of ATP is disfavoured because it is coupled to necklinker docking 26 and, therefore, to the generation of a strained configuration 27 in which both neck linkers are docked (Fig. 4, S3 ). We anticipate that the single-molecule techniques presented here will be applicable to the study of dynamic properties of other motors and macromolecules that undergo analogous conformational rearrangements.
METHODS SUMMARY
Labelling kinesin with DNA. We introduced mutation N62C into a 'cysteinelight' construct consisting of the first 401 residues of the Drosophila melanogaster heavy chain followed by a histidine tag. A 70-base-pair double-stranded DNA oligomer was synthesized with a primary amine at the 59 end of one strand and biotin at the 59 end of the other (Integrated DNA Technologies). We affixed these labels to the DNA using hydrocarbon linkers (6-12 carbon atoms long) intended to serve as swivels. DNA was activated with sulpho-SMCC (Pierce) before incubation with kinesin. Labelled kinesin molecules were purified by ionexchange chromatography (MonoQ, GE Healthcare). Force clamp. We performed trap calibration and measurements under constant load as previously described 28 . Oscillatory loading was implemented in custom force-clamp software (LABVIEW 7.1) by reversing the sign of separation between the bead and trap every 14 ms; laser position was updated every 2 ms. To reduce settling time after a load reversal, the trapping beam was initially deflected to its approximate new position under reversed load before initiating feedback. Only data recorded after the final force-clamp update and before load reversal were included in analysis, to allow time for the feedback to equilibrate.
Step sizes. We estimated average bead displacements from the arithmetic means of records over the appropriate intervals. Uncertainties (s.e.m.) were computed by bootstrapping.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
